Background: Hypertrophic Cardiomyopathy (HCM) is a complex myocardial disorder with a recognized genetic heterogeneity. The elevated number of genes and mutations involved in HCM limits a gene-based diagnosis that should be considered of most importance for basic research and clinical medicine.
Background
Hypertrophic cardiomyopathy (HCM) is the most common monogenic disease of the cardiovascular trait affecting 1:500 individuals in the general population [1] [2] [3] . HCM is classically characterized by unexplained left ventricular hypertrophy (LVH) and distinct histopathological features comprising myocyte disarray and interstitial fibrosis [1] [2] [3] . Clinical evaluation may be triggered in response to symptoms, in asymptomatic individuals in the course of a family screening, or after detection of a systolic murmur or an abnormal electrocardiogram (ECG). HCM diagnosis is typically performed by the identification of unexplained LVH on cardiac imaging studies. Nevertheless, the morphologic pattern of LVH is not closely predictive of the severity of symptoms or prognosis [1] . HCM is a complex and heterogeneous disease with remarkable diversity in the course of disease, age of onset, symptoms severity, left ventricular outflow obstruction, and risk for sudden cardiac death (SCD) [1] . Indeed, some individuals experience no or only minor symptoms, while others may develop refractory symptoms or end stage heart failure (HF) requiring cardiac transplantation. The most and serious consequences of HCM are though, HF and SCD [1, 2, 4, 5] . HCM is also the leading cause of SCD in competitive athletes in whom it may be the only clinical manifestation of the disease [6] .
Genetic studies established the paradigm that HCM is a disease of the sarcomere. With a dominant transmission pattern, HCM is caused by over 1000 distinct mutations identified in over 29 genes including those encoding sarcomeric proteins ( Table 1 ) [1] . This fact underlines that behind the clinical heterogeneity seen in HCM there is also substantial genetic heterogeneity, at both allelic and non-allelic levels. With a higher prevalence when family history of HCM is present, mutations in the genes encoding cardiac b-myosin heavy chain (MYH7), cardiac myosin binding protein C (MYBPC3), cardiac troponin T (TNNT2), and cardiac troponin I (TNNI3) are the most prevalent and all together account for over 80%-90% of HCM cases [1, 7, 8] .
Although rare, mutations in other sarcomere-associated genes, particularly in Z-band proteins coding genes such as telethonin (TCAP) and muscle LIM protein (CSRP3), have been described in HCM (Table 1 ) [9] . The Z band is critical for cyto-architecture and is involved in mechanosensory signalling of [9] . Proteins involved in calciuminduced release and signalling and in mitochondrial function have also been implicated in HCM (Table 1) [1, [10] [11] [12] . Phenocopies of HCM have been identified were cardiac hypertrophy is caused by mutations in genes distinct from those that encode sarcomere proteins (Table 1 ) [1] . Currently, most of the mutations identified are novel sequence variants, not previously identified as pathogenic mutations [1, [13] [14] [15] [16] . Furthermore, when novel sequence variants are identified, family studies to confirm cosegregation of the mutation are valuable. A relatively high rate (3% to 10%) of compound heterozygosity has also been observed in HCM [1, 14, 17, 18] .
Recent genetic studies demonstrate variability in the types of HCM-mutations among different populations. In the Netherlands or in the Southeast Asian Indian population HCM-founding mutations are the main cause while in the USA there is marked genetic heterogeneity and most HCM patients have a unique pathogenic mutation [1, 19, 20] . However, HCM genetic basis in Portugal has not yet been extensively studied [4] [5] [6] 21] . Understanding the genetic basis of HCM provides an opportunity for gene-based diagnosis with benefits for HCM in basic research and clinical medicine, which are currently limited by the considerable costs of genetic testing strategies and an incomplete knowledge of all disease genes [1, 8, 10, 13, 22] .
The current "gold standard" genetic diagnosis test for HCM in Portugal is automated dideoxi-Sequencing (AS) of the most frequent mutated HCM-genes (Table 1 -(d) ). AS has a low throughput and high cost, and most importantly it does not include genes coding for other proteins related to myocardium contraction such as the Z-band. As a consequence more than 1/3 of proband remains to characterize as no mutation is found. This fact underlines the need to screen more genes using high-throughput sensitive techniques which will enable a more reliable genetic diagnosis [23, 24] and further hampers the cost effectiveness of the current genetic test.
In fact, the number of HCM phenotype-associated mutations in 29 different genes (Table 1) , make full molecular testing by AS unbearably slow and expensive, prompting Real time PCR techniques has an alternative technique [18, 24] . High Resolution Melting (HRM) is a high throughput gene variation scanning technique that relies on the differential melting properties of sequences that vary in at least one nucleotide. For this reason it is used to identify novel mutations within samples. Unlike other scanning methods, HRM analysis provides a closed tube system that reduces the risk of contamination, decreases analysis time and requiring no post-PCR sample handling. Recent results from our group [24] and others [18] have already proved the effectiveness of this technique for the identification of alterations in HCM patients. Nevertheless, the cohorts of population used in both studies were low (13 and 34 respectively) [18, 24] .
The aim of the present work was to improve HCM gene-based diagnosis by applying a high throughput Real Time PCR-based technique, HRM, to study the prevalence of HCM-mutations in a higher Portuguese HCM cohort. The results of this work will contribute to understand the genetic basis and variability in HCM among our population.
Population and methods

DNA samples
Peripheral blood was collected from 80 Portuguese unrelated patients and from 100 healthy subjects (controls without any cardiovascular disease). With the exception of control individuals, all index patients presented either familial history of HCM or clinical diagnosis of HCM. Diagnosis was established on clinical, ECG and Echocardiograph (ECHO) grounds. ECG/ECHO criteria have been previously discussed and published [5] . Available biometrical characteristics and clinical data are described in Table 2 . This study was approved by the Ethics Committee of the Lisbon Faculty of Medicine and all patients have signed an informed consent for genetic analysis. DNA was extracted from the blood samples using a Blood DNA kit (Roche Applied Science) accordingly with the manufacturer procedure http:// www-roche.com.
HRM analysis
Mutation scanning of all samples was performed using a HRM technique in a Real-Time PCR thermal cycler (LightCycler 480, Roche Diagnostics) as described in our previous work [24] . Primers were constructed according to the common HRM specifications http://www.genequantification.de/LC480-Technical-Note-01-HRM.pdf, using the following online software and databases: UCSC Genome Browser http://genome.ucsc.edu/cgi-bin/ hgGateway, Primer 3 http://frodo.wi.mit.edu/, DINA-Melt http://mfold.rna.albany.edu/?q=DINAMelt, Poland service http://www.biophys.uni-duesseldorf.de/local/ POLAND/poland.html and Primer-BLAST http://www. ncbi.nlm.nih.gov/tools/primer-blast (Additional file 1: Table 1 ). Amplicon lengths were kept relatively short to improve the detection of genetic variations. In this regard, exons which were greater than 315 bp or exons with more than two melting domains were amplified in more than one overlapping segments, covering exons/ intron boundaries (Additional file 1: Table 1 ). The HPLC grade primers were purchased from Metabion (Germany). Exons 3 and 12 of the MYH7 gene, exon 30 of the MYBPC3 gene and exons 1, 2, and 3 of TNNI3 gene contain several highly prevalent polymorphisms, nevertheless, they were also included in our study and whenever an alteration was found in one of those genomic regions by HRM, the corresponding sample was submitted to AS. Reference sequences of the genes were obtained from the Briefly, immediately after amplification, the PCR products were heated to 95°C and cooled to 40°C (for heteroduplex formation), and melting was monitored (by fluorescence emission) from 65°C to 95°C. Using the LightCycler 480 ® 1.5.0.39 SP3 software (Roche Diagnostics), melting data was normalized, temperature shifted and displayed as derivative curves compared to the control samples. The auto-group function was applied to generate automatic genotype group analyzing the melt profiles and clustering samples into groups with similar melting profiles. An altered sample was considered whenever: the generated melting curve was different from control samples; it was grouped apart from the controls; and presented a relative signal difference out of the range of normality limits (+2 to -2. When an altered profile was found, the PCR product was purified and sequenced (as a paid service, TRACEGEN). Whenever a mutation was confirmed in a proband, first and second degree relatives were tested, whenever possible, for the identified variant in order to check the co-segregation with the disease in the family. Except for non sense and frame shift mutations, due to short insertions or deletions and splice site mutations, a missense variant was considered as a mutation when: -it co-segregates with the disease in the family; -affects an amino acid conserved among species and isoforms; and -it failed to be detected in at least 200 chromosomes of healthy adult controls (CS01-CS101).
Single-strand conformation polymorphism analysis
In order to confirm HRM reliability, mutation scanning was also performed through Single-Strand Conformation Polymorphism (SSCP) analysis. Selected exons and flanking intronic regions were amplified through PCR. Each amplicon was denatured and single strand conformational profile was evaluated using GenePhor™ DNA Electrophoresis System and PlusOne™ DNA Silver Staining Kit (GE HealthCare Life Sciences). All amplicons with different migration pattern (by comparison with the same amplicon from a healthy control individual) were sequenced for DNA alteration confirmation.
Results and discussion
PCR optimization
Since 2002, HRM scanning method has been applied in human diseases genotyping and used for high throughput mutation scanning on genes, for which large cohorts of patients have to be investigated [18, [24] [25] [26] [27] [28] [29] . As described previously by us and others [18, 24] , HRM scanning accuracy depends on high quality PCR, meaning that optimization a critical step and that the presence of primer dimers or non specific products may alter the melt curve characteristics causing the generation of false positive results. HRM analysis optimization was previously performed by us, using 3 control DNAs (previously sequenced) and 7 DNAs carrying previously identified HCM genetic variants (see Additional file 1: Table 1 ). Using this strategy we have demonstrated HRM potential to identify mutations in genes that are not usually analyzed in standard diagnostic techniques such as AS [24] .
Molecular analysis of 80 HCM patients
The fact that the genetic basis for HCM in Portugal has not yet been extensively studied in large cohort of HCM patients, and the success of HRM as a high throughput and fast analysis technology, drove us to perform a mutational screening of 28 HCM-associated genes using this technology in 80 Portuguese HCM patients (not previously studied). This cohort was also studied by SSCP where all genetic variants detected by HRM analysis were also identified. Similar results were previously reported for other genes such as F8, NF2, CFTR, LMNA, and SCN5A [25] [26] [27] [28] [29] . All DNA amplicons detected as altered through HRM or SSCP were sequenced for mutation confirmation. As HRM could induce some false positives, each amplicon was tested against a mean of 3 wild-type samples in order to decrease significantly the number of false positive calls. Molecular analysis of this cohort allowed the identification of 96 genetic variants, of which 38 were HCMknown mutated alleles (31 missense mutations, three nonsense mutations, one 1-bp deletion, one in frame 3bp deletion, one 5-bp deletion and one splice mutation) and 22 were novel mutations (18 missense mutations, one indel, two splice mutations and one promoter mutation) ( Table 3 ).
The novel missense mutations affected highly conserved amino acid residues, and were not found in 200 control chromosomes (Caucasian origin) (Figures 1, 2, 3 , 4 and 4 data not shown).
Fourteen patients (17.5%) are carriers of two mutated alleles (patients 3, 7, 10, 11, 13, 21, 27, 33, 35, 37, 39, 43, 45 and 47). Patient 12 is a carrier of three mutated alleles and patient 22 carries three mutated allele plus one 5'UTR mutation with unknown effect (See Additional file 2: Figure S1 and data not shown). In eight patients (10%) no mutated allele was found (patients 8, 19, 36, 40, 63, 64, 65 and 73). This suggests that other genes, not included in this study, or still not yet known may be responsible for the disease in these HCM patients. Nevertheless, compared with previous AS reported detection capacity (no mutation found in 1/3 of the patients) our strategy allowed us an improved characterization of HCM patients [23] .
In patients 67, 68 and 69 we have found only a single SNP (rs3730238/CM034583) c.779A > G (p.Lys260Arg) in exon 14 of TNNT2 gene also described as HCM-associated in the Human Genome Mutation Database http:// www.hgmd.org (Figure 5a , b and 5c).
Despite being described as a SNP, and Pholyphen score classify it as benign (Figure 5d ), it affects a codon that is conserved in different species (Figure 5e ). Moreover, HRM population study of exon 14 of TNNT2 gene in 200 chromosomes from healthy control Caucasian Portuguese individuals, allow us to find this allele (rs3730238) in 3 chromosomes from control individuals (1.5%) (Figure 5f and 5g) . This SNP has also been found in more European populations, namely in Spanish and French individuals [18, 30, 31] . Interestingly, it has not been described in more geographically distant populations, such as the Indian population [32] . In this regard, since in these three HCM patients (67, 68 and 69) we were not able to detect other mutated allele, segregation studies within their families are being performed regarding this SNP. We cannot discharge that these 3 patients can have a mutated allele in another gene (not yet known or not analyzed in the current study). In healthy patients, beside the SNP mentioned above, only synonym changes were found (data not shown). HRM gene scanning data for MYBPC3 and TNNT2 is presented in Additional file 3: Figure S2 and Additional file 4: Figure S3 , respectively.
In silico characterization of novel HCM-causing mutations
The pathogenicity of novel mutations will be further assessed using segregation analysis and two-hybrid based protein functional assays. However, in silico studies based on the use of PolyPhen software v2.0.23 http://genetics.bwh.harvard.edu/pph2/ could suggest that most of these novel missense variants are most likely disease causing (Figures 2d, 3d and 4d and results not shown). Two novel mutations in MYH7 gene, c.613 A > T (p.Ser205Cys) and c.2585 C > T (p.Ala862Val) in exons 7 and 22, respectively, despite being classified by PolyPhen software as benign, the protein alignments (source: http://www.uniprot.org/) show that the amino acids changed by the mutations are conserved across species (Homo sapiens; Mus musculus; Rattus norvegicus; Bos Taurus; Danio rerio) (data not shown and Figure 1g and 1h, respectively).
Prevalence and spectrum of mutations in the Portuguese population: Correlation with clinical data
Our HRM strategy allowed us to found 36 patients with mutations in MYH7 (45%), 24 patients with MYBPC3 mutations (30%), 9 patients with TNNI3 mutations (11.25%), 6 patients with TNNT2 mutations (7.5%), 5 patients with CSRP3 mutations (6.25%), 1 patient with a MYH6 mutation (1.25%) and 1 patient with a MYL2 mutation (1.25%) ( Table 3 ). As previously described by others, in the cohort of HCM patients analyzed in this work, MYH7 and MYBPC3 mutations accounts for 75% of the HCM cases [this work and [1, 7, 8] ]. Also, this mutation distribution allow us to verify that in our studied HCM cohort there are no prevalent mutations as described in the Netherlands [20] but a marked genetic heterogeneity as most HCM patients have a unique pathogenic mutation such as reported before in the US [1, 22] . As reported above, in our cohort we were able to detect 22 novel mutations in MYBPC3, MYH7, TNNT2, TNNI3, MYH6, MYL2 and CSRP3 genes ( Table 3 and Figures 1-4 ). Most of these are missense mutations (25%), one is an indel mutation, another a 5' UTR mutation and the two other mutations probably affect splicing of corresponding introns. These novel mutations affect amino acids that are highly conserved among species (Table 3 Figures 1-4 and data not shown) and they were not found in 200 chromosomes from normal Caucasian individuals (data not shown) indicating that they can be the cause of HCM in these patients. Nevertheless, segregation studies are currently being performed in their families.
Moreover, our strategy allowed us to identify mutations in three genes (MYH6, MYL2 and CSRP3), not usually analysed by current HCM-genetic diagnostic strategy, in seven HCM patients (8.75%). This fact prompts the importance of a complete gene scanning analysis against the current genetic evaluation (through AS) of the 4 most common HCM-genes (Table 1) .
There are several genetic causes for LVH meaning that a differential diagnosis by means of an accurate correlation between clinical data genetic profile could be important considering individualized treatment options and accurate prognosis. All individuals with double mutations (3, 7, 10, 11, 13, 21, 27, 33, 35, 37, 39, 43, 45 and 47) shared a non obstructive septal hypertrophy and had familial history of HCM (Tables 2 and 3 ). In this regard familial history can be considered as an important parameter to be considered, as individuals 12 and 22 (with three and four mutations, respectively) have familial history of HCM (Tables 2 and 3) . Also, mutations in MYH7 and MYBPC3 genes were involved in all this cases (Table 3 ). This type of mutational profile correlates to clinical data previously described for HCMcausing mutations in MYBPC3 genes [4] . The presence of SNPs in addition to mutations should be considered regarding HCM severity. An example is related to individual 1, which deceased, and has the same mutation as individuals 25 and 26, but with an additional SNP (Tables 2 and 3) .
As mentioned before, in order to confirm the co-segregation of the novel mutations with the disease, segregation studies are currently being performed whenever relatives are available for genetic studies and after genetic counseling. In this regard, the mutation c.1945insT1941-1946delCCTGGA, p.Pro647fs was also present in the son of patient 16 (also with clinical diagnostic of HCM) (Figure 4 and 4 results not shown). Nevertheless, patient 16 has a more severe HCM clinical profile (the implantation of a cardiac defibrillator (CDI) was necessary), so most probably individual 16 has another mutation in other DNA region/gene, not analysed under current work (Table 2) . Interestingly, patients 44, 45 and 46 co-segregate MYH7 and TNNT2 mutations within their families (not related), being those intronic variants novel ( Table 3 and results not shown). Patient 46 also co-segregates a TNNI3 mutation with his father and patient 45 has a mutation in TNNI3 gene, not present in both her parents ( Table 3 and results not shown). This fact is coincident with HCM genetic profile being characteristic of each family and once again highlights the importance of familial study.
In order to access some more considerations between HCM phenotype and the genetic results presented in this work for our cohort of HCM patients, we observe that apical hypertrophy is mostly related with MYBPC3 and MYH7 mutations, namely intronic variants, missense and deletions (Tables 2 and 3) . Curiously, two patients (69 and 73) with apical hypertrophy presented only a TNNT2 genetic alteration (SNP and intronic, respectively), indicating that another DNA region, not yet found, may also be involved in this type of cardiac hypertrophy (Tables 2 and 3 ). Regarding septal hypertrophy MYH7, MYBPC3, MYH6, TNNT2 and CSRP3 genes are affected and curiously only one mutation is shared between apical and septal hypertrophy (Tables 2  and 3) .
Within our analyzed cohort we had 39 sporadic cases which constitute 48.75% of the HCM cases, being the rest (51.25%) familial cases ( Table 2) . From the eight patients with no identified HCM-associated mutations six of them (patients 19, 36, 40, 63, 64 and 65) were sporadic cases, being this observation in agreement with previous results [1, 7, 8] . Nevertheless, all the above considerations regarding genotype and phenotype should be validated using a major sampling of HCM patients with all the necessary clinical characterization/data. Another limitation of our work concerns with the establishment of the effect of novel DNA alterations as the cause of HCM. In order to determine the phenotypic effects of DNA alterations it becomes necessary to perform functional studies, including assessment of protein interaction. In this perspective we initiated functional studies namely of the 5'UTR mutation, the splicing mutations and the indel mutation that are being evaluated by means of two-hybrid system in cardiomyocyte cell lines.
